Single Point Incremental Forming (SPIF) is a new and dieless forming process. Since the process is in its initial phase, it requires rigorous analysis to form the sheet metal in the most efficient way. Usually, experimental execution of SPIF for both small component with complex features and large components with simpler geometry demands time and is cost ineffective. Thus, numerical simulation of the process is practiced beforehand to extensively analyze the process characteristics and to evaluate the complex state of stress and strain evolved in the process. In the case of a dynamic process, like SPIF, it is a general practice to minimize computational time and for the purpose, reduced integrated shell elements are used. However, during simulation, it was observed that an increase in strain caused geometrical distortion of the simulated part due to wrinkling which was originated because of hourglass phenomenon. The present work utilizes a fully integrated four node element to eliminate the hourglass effect in SPIF. The geometrical accuracy, plastic strain and von Mises stress developed during SPIF, with reduced and fully integrated shell elements were further evaluated and compared.
Introduction
Single Point Incremental Forming (SPIF) is a novel and flexible forming process which eliminates the usage of die. The process requires a punch or a forming tool which moves in a predetermined trajectory to form the fully clamped sheet. The tool path is designed as per the required Computer Aided Design (CAD) model of the component to be formed (Shrivastava & Tandon, 2015) . The process mechanism is very complex due to the nature of the deformation and therefore requires further analysis to improve the efficiency of the process. Usually, experimental execution of SPIF for both small component with complex features and large components with simpler geometry demands time and is cost ineffective. Thus, numerical simulation of the process is practiced beforehand to extensively analyze the process characteristics and to evaluate the complex state of stress and strain evolved in the process (Khalatbari et al., 2015) . To evaluate the process, it is essential to simulate the process in the most efficient way. The first and the foremost requirement is to simulate the geometrically true part i.e., the part should be free of geometrical errors. This is also essential because SPIF process facilitates the formation of complex and highly customized three-dimensional parts, especially targeting the industries that in particular, require highly precise components, like medical implants.
Various researches have been done targeting the Finite Element Analysis (FEA) of SPIF. Bambach and Hirt (2007) had optimized the tool paths by performing FEA of SPIF process. They had simulated frustum of cone geometry and investigated the effects of tool path on sheet thickness and geometrical accuracy. They had observed that thickness distribution resulted after explicit and implicit analyses were different and the difference was due to the sudden change in the direction of tool from in-plane motion to the vertical pitch which was associated with high kinetic energy. To eliminate the sudden movement of the tool, spiral tool path was utilized to enhance the efficiency of the simulation. Yamashita et al. (2008) had investigated the effect of the sheet material density and the punch travelling speed and further, optimized them to reduce the computational time. They had suggested utilizing an explicit scheme for the optimization of tool path in SPIF. Hadoush and Van den Boogaard (2008) later proposed mesh refinement and derefinement (RD) approach in order to minimize the computational time in SPIF. The approach includes mesh refinement in the area which is in contact with the tool while rest of the sheet region is coarse meshed. The approach also includes the changes in mesh connectivity as the position of the tool is dynamic in SPIF. Triangular shell element was used which was sub divided into four refined and equal elements in the vicinity of the tool position with the major aim to keep the number of elements as minimum as possible. This in turn reduced the computational time by 50% with a decent prediction of equivalent plastic strain during the process. Giraud-Moreau et al. (2013) utilized remeshing technique for the simulation of SPIF process where, S4R shell element was combined with dynamic explicit solver of ABAQUS software. The criterion of remeshing was based on element curvature and on the plastic strain distribution. Later, Suresh and Regalla (2014) have investigated the influence of element size and an adaptive remeshing technique on simulation, by utilizing the explicit solver of LS-DYNA. The mesh refinement was done up to the three levels maximum. During the analysis, BelytschkoTsay shell element was used to reduce the computational time. Henrard et al. (2011) have simulated the SPIF process by using built in COQJ4 shell element. The simulation was based on dynamic explicit integration time scheme. Instead of mass scaling, they had opted various diagonal mass matrices which resulted in poor dimensional accuracy in comparison to implicit strategies. However, the mass scaling led to an increment in largest stable time and in consequence decrement in simulation time by 50%, in comparison to that of implicit scheme. Bambach (2013) reduced the computational time in SPIF by using 'SR4' reduced integration shell element. By this approach the computational time was reduced by 28.8% however, error in von Mises stress values was evident as the error was exceeded by 10%. From, the literature review it is evident that lots of researches have been done to reduce the computational time of SPIF simulation however; it was achieved at the cost of simulation (results) efficiency. Therefore, there is a need to improve the efficiency of SPIF simulation as well as to optimize the simulation time.
The present work is an attempt to eliminate the hourglass phenomenon which occurs during the simulation of SPIF, mainly when reduced integration shell elements are used in Altair HyperWorks CAE software. The work in extension, analyzes the plastic strain and von Mises stress resulted in SPIF with reduced and fully integrated shell elements.
Methods
This section describes the Finite Element Analysis (FEA) procedure which was undertaken during the evaluation of SPIF process. The schematic of the SPIF process and its major components are shown in Figure 1 . (Behera et al., 2015) In the present work, aluminium alloy AA1050 H14 sheet having thickness 0.91 mm and density of 2.71 Kg/m³ was used. Johnson Cook (JC) model was utilized to predict the sheet material properties during SPIF. Correct evaluation of material model parameters is equally essential to accurately predict the elasto-plastic deformation behavior during the process. JC model constituents the strain (εp), strain rate (ε) for reference strain rate ( , at a given temperature to predict the plastic flow stress ( ). JC model can be expressed as given in Eq. 1. Uniaxial tension test is performed to evaluate the JC parameters' values.
(1) In Eq. 1, ' ', ' ' and ' ' denotes yield stress, hardening modulus and strain rate coefficient respectively whereas, 'n', 'm' and 'T' signifies hardening exponent, temperature exponent and homologous temperature respectively. The data from stress strain curve from the uniaxial tensile test was further processed to obtain the values of the necessary material parameters as given in Table 1 . Simulation of SPIF was performed with hemispherical tool of diameter 8 mm and the shape to be formed was truncated pyramid geometry. CAD component to be simulated by SPIF process, with dimension details are shown in Figure 2 . SPIF process parameters considered to extract the tool path trajectory is provided in Table 2 . After cleaning up the geometrical errors, mid surfaces of the tool and sheet were extracted and meshed in HyperMesh environment. Firstly, SPIF simulation was performed by choosing reduced integrated, four noded quadrilateral 'Flanagan Belytschko' (FB) shell element was used.
Figure 2 CAD component to be formed
The particular mesh element was chosen to lower the computational time of the process. However, to maintain the optimization between time and the accuracy, fine meshing was done in the sheet region which was primarily going to be deformed and the rest of the near to the clamped region was coarser meshed. Whereas, the tool was treated as rigid body during the entire process, i.e., no deformation is allowed in the tool material. The tool (master) and sheet (slave) before and after meshing is shown in Figure 3 Keeping in mind the process mechanism of SPIF, the boundary conditions were applied and the sheet was fixed around the periphery by constraining the translational and rotational motion in 'X', 'Y' and 'Z' direction. The 'X' and 'Y' directions of the tool rotation were constrained while allowed rotation in 'Z' direction. The tool path and the boundary conditions were combined by different load collectors. RADIOSS as an explicit solver, HyperView and Hypergraph for pre-fabrication simulation and post processing of the results were respectively utilized. 
Results
FEA of SPIF was performed by utilizing reduced integrated, four noded quadrilateral 'Flanagan Belytschko' (FB) shell element. It was observed that the shell element reduced the computational time but resulted in geometrical distortion of the simulated parts due to wrinkling of the material. Eventually it was determined that the distortion was due to hourglass phenomenon which is mainly the nonphysical method of deformation that results in no stress. The resulted hourglass energy in SPIF components at different time and depth of formation is shown in Figure 4 .
The phenomenon mainly occurs in under integrated elements i.e., shell elements having one point in-plane integration point (Kawka, Olejnik, Rosochowski, Sunaga, & Makinouchi, 2001) . With the progression of forming it was observed that the maximum hourglass energy increases significantly. The increase in hourglass energy with the progression of SPIF is shown with the help of Figure 5 . It can be inferred from the figure that the maximum hourglass energy was increased from 1.303E+09 to 9.647E+09, with the progression of the SPIF.
To simulate the error free SPIF components, fully integrated four node shell element -'Batoz' was adopted. It was observed during trial simulations that 'Batoz' shell element costs only 15% higher than conventional 'Flanagan Belytschko' (FB) shell element, however, it eliminates the hour glass effect, which results by 'FB' shell elements. The fully integrated shell element, in through the thickness direction consists of seven integration points and on the shell surface has four gauss points (2x2), which leads to the total of '2x2x7' number of integration points. Although, this increases the computational time but the errors in simulated parts were totally eliminated. Thus, 'Batoz' shell element results in best compromise between cost and quality. The simulated SPIF parts with and without hourglass effect is shown in Figure 4 Evolution of hourglass energy during FEA of SPIF It can be easily verified from the figure that the plastic strain distribution in the part having 'Batoz' shell element is more realistic as the corner regions of the component subjected to biaxial strains are more subjected to deformation, which actually happens in SPIF. Similarly, von Mises stresses distribution was also realistic in the part having fully integrated shell element, which can be inferred from Figure 8 . 
Conclusion
The present work is an attempt to eliminate the hourglass phenomenon which occurs during the simulation of SPIF, mainly when reduced integration shell elements are used in Altair HyperWorks CAE software. The work in extension, analyzes the plastic strain and von Mises stress resulted in SPIF with reduced and fully integrated shell elements. The analysis led the conclusion that reduced integrated, four noded quadrilateral 'Flanagan Belytschko' (FB) shell element reduces the computational time but results in geometrical distortion of the simulated parts due to hourglass phenomenon. Apart from geometrical distortion, parts simulated with reduced integrated shell elements results in unrealistic values of plastic strain and von Mises stress. Therefore, fully integrated four node shell element -'Batoz' was adopted. It was observed that 'Batoz' shell element costs only 15% higher than conventional 'Flanagan Belytschko' (FB) shell element, however, it eliminates the hour glass effect, which results by 'FB' shell elements. With the utilization of 'Batoz' shell element not only the values of plastic strain in SPIF reduces but also results in more realistic and accurate plastic strain and von Mises stress values in comparison to reduced integrated shell element.
